ABSTRACT: Femoral derotation osteotomy delivers good to excellent results in the treatment of rotational gait abnormalities and especially in internal rotation gait. The outcome of the procedure has been evaluated in numerous short-and long-term studies. Although reasons for recurrence and over-/under-correction have been unveiled in earlier studies the mechanisms are still not fully understood. False intra-operative assessment of the derotation angle may contribute to imprecise outcomes. In a recent saw-bone study we evaluated an electromagnetic tracking system in comparison to conventional goniometer measurement and a CT reference measurement and found it to be extremely accurate, whereas the use of a conventional goniometer for derotation measurement showed a high inter-and intra-rater variability. The current study evaluates the electromagnetic tracking system for continuous intraoperative derotation control under real OR conditions. Adults (age: 18-40 years) with the diagnosis of internal rotation gait, independent of the underling pathology, undergoing a supracondylar deroation osteotomy were included. A rotational CT scan was conducted before and in close proximity after surgery and the difference served as reference for the electromagnetic tracking results. The results showed a mean deviation of 2.6˚(1.2-5.5˚) in comparison to the reference measurement of the pre-and post-operative CT scans. The system proved to be stable under OR conditions with a good usability and a small technical footprint. Electromagnetic tracking delivers a precise, reliable, and independent assessment of intra-operative derotation angles in femoral derotation osteotomies.
Rotational gait abnormalities are a common problem to deal with in pediatric orthopedics and most frequently found in patients with bilateral spastic cerebral palsy (CP). 1 There are a variety of other conditions that may lead to an increased femoral anteversion 2, 3 and in idiopathic torsional deformities an operative treatment is rarely necessary. 3 Apart from bony deformities there are other factors that may contribute to the condition of internal rotation gait. Spasticity of internally rotating muscles such as the anterior glutei and the adductors seem to play a key role. Internal rotation gait may also be present as a compensatory mechanism to restore hip abduction moment 4 and lever arm dysfunction. 5 Without treatment internal rotation gait may deteriorate and lead to decreased mobility for the patients over time. In contrast to femoral derotation osteotomy (FDO), soft tissue procedures alone have not proven to be effective in correcting internal gait. 6 The clinical course after FDO to correct internal rotation gait has been subject of a large number of studies and two main problems could be identified: recurrence of the condition and undesired over-and under-correction. Despite excellent short-term results for FDO, we still see a significant number of over-(up to 44%) and undercorrections (up to 33%), especially in patients with mild involvement. [7] [8] [9] [10] Most patients benefit from the treatment with FDO in the long run, 11, 12 with some experiencing recurrence. Different authors found that post-operative static and dynamic examinations reflect only about 60% of the derotation performed during surgery. 10, 13 Although a large number of investigations have led to the identification of contributing factors, the mechanisms leading to these varying results are still not fully understood. Regarding the indication for the procedure a dynamic approach, taking both the clinical evaluation with measurement of the anteversion and passive hip range of motion and the 3-D-gait analysis into account, seems to deliver the best results 9,14 and the age younger than 10 years at surgery is associated with a higher risk of recurrence. 8, 15 However, basing the decision on the amount of derotation on the 3-D-gaint analysis and seeing the deformity as a part of a dynamic pathology is not supported by strong scientific evidence to this point. The level of FDO (intertrochanteric or supracondylar) does not influence the results regarding the functional outcome. 13, 16, 17 Imprecise planning of the FDO because of measurement errors in the clinical examination and in 3-Dgait analysis may also be relevant. 18, 19 Through rotational CT or MRI imaging the results of derotation osteotomies may be evaluated precisely and over-and under-correction could be detected promptly, but they are not conducted in clinical routine. The intra-operative measurement of the derotation angle and the effect of plate fixation during surgery have not been subject to profound investigation so far, 10 but may contribute to the discrepancies seen between the desired and actual outcome of FDO as well. 20 A recently published study from our facility showed that the traditional measurement of derotation with K-wires and a standard goniometer is prone to large error due to high intra-and inter-rater variability. 21 Ethical review committee statement: The local ethics committee approved the study. Correspondence to: Thomas Dreher (T: 0049-6221-56-0; F: 0049-6221-5626348; E-mail: thomas.dreher@med.uni-heidelberg. de) This could be a partial explanation for both the problem of over-and under-correction as well as the discrepancies between desired and actual outcome of the FDO as published by Kay et al. 13 and Dreher et al. 11 In the paper mentioned above, we introduced an electromagnetic tracking system for derotation osteotomies. The system showed excellent results in derotation measurement when compared to CT control in an in vitro setting and is superior to visual control with a conventional goniometer in the saw bone study. In spite our efforts to simulate real OR conditions in the in vitro study, the feasibility and robustness of the system under an in vivo environment could not be proven. The present in vivo study now investigates the instrumented measurement of rotation based on electromagnetic tracking (EMT) for continuous derotation monitoring during femoral derotation surgery. The objective of the study is the implementation of an objective, continuous and precise measurement tool for rotational osteotomies.
METHODS

Study Protocol
The present study is a prospective comparative study evaluating the use and clinical implementation of a new measurement tool based on electromagnetic tracking. The study was conducted with Patients of the Department of Orthopedics and Traumatology at the University Hospital Heidelberg. Approval of the local ethics committee was granted for the study (S-420/2013).
After patient selection, the derotation was planned in keeping with the clinical routine in our hospital using a preoperative CT Scan, the clinical evaluation of the patient and the 3D gait analysis. Only derotation osteotomies of the distal femur were included in the study. The intraoperative derotation was measured with the new electromagnetic tracking system operated by a technician. To evaluate the results of the surgery an additional rotational CT scan was conducted after the procedure. We did not evaluate the results of the surgery with a follow up 3-D-gait analysis since the aim of the study was the validation of the EMT tracking system and the monitoring of the bony correction.
Patient Selection
Patients were selected and recruited from the special outpatient clinics for cerebral palsy according to the protocol approved by the local ethics committee. Patients between 18 and 40 years of age were considered. The study was designed for adult patients only with intention to limit the exposure to ionizing radiation to children to a minimum. Inclusion criteria were a functionally impairing internal rotation gait and indication for supracondylar derotation osteotomy (Evidence of falling because of internal rotation gait, abnormally increased femoral anteversion, confirmation of internal rotation gait in gait kinematics of hip rotation and foot progression angle, and a mid point shift in the clinical examination). The indication for fermoral derotation surgery was set in accordance with our clinical standard when passive internal ROM exceeded 50˚and external rotation was less than 30˚, more than 15˚internal mean hip rotation in stance in the 3D gait analysis was present and sufficient femoral anteversion was evident in the pre-operative imaging to allow derotation without the risk of post-operative retroversion. Exclusion criteria were a severe mental retardation and inability to undertake the CT scan. The 3-D-gait analysis was performed using a nine camera Vicon System (Oxford Metrics, UK). Patients walked at a self-selected speed. The Kinematics were calculated using reflecting markers mounted on pre-defined landmarks according to the protocol of Kadaba et al. 22 A knee alignment device was used to minimize error in transverse plane kinematics.
Surgical Procedure and Determination of Derotation
The treatment goal for any derotation was an equal range of motion for internal and external hip rotation (neutral mid-point) as measured intra-operatively with the hip extended. The desired amount of derotation was determined and documented by the surgeon before the procedure following the clinical pathway mentioned above. We chose a dynamic approach for the decision on the amount of derotation aiming to correct the increased internal rotation measured in the 3-D-gatin analysis avoiding a post-operative retroversion. A standard supracondylar derotation osteotomy was performed with a lateral distal approach. All operations were performed by an experienced orthopaedic surgeon. The setup of the EMT system is shown in a schematic illustration in Figure 1a . The distal femur was exposed on a length of approximately 8 cm. Exposition was achieved using Hohmann levers. After the definition of the osteotomy site approximately 4 cm cranial to the joint line, K-wires were drilled proximally and distally of the osteotomy site in a dorsoventral orientation as parallel as possible and at a distance of at least 4 cm to each other. The sterile sensors of the EMT-System were mounted to the K-wires with a simple clamp shell (PointerShell E01 2902, fiagon GmbH, Berlin, Germany) and connected with the system control unit. The bone surface and the entry point of the K-wires were then sampled with the pointer device (FlexPointer E01 2002, fiagon GmbH, Berlin, Germany) (see Fig. 1b ). After the osteotomy was performed on about 50% of the femur, the osteotomy site was equally determined with the pointer device. Osteotmy was completed and the detoration performed. The rotation was continuously documented on defined time points of the surgery by the technician. The results were invisible and unknown to the surgeon. The fixation of the derotation was achieved with plate osteosynthesis.
Measurement
The intra-operative derotation angle was controlled by the Electromagnitc tracking system operated by a technician. The system setup included a field generator (Aurora v.2, Northern Digital, Waterloo, Canada) in combination with EMT sensors embedded in a clamp shell (PointerShell E01 2902, fiagon GmbH, Berlin, Germany). 23 The sensors were attached to the same conventional k-wires used for optical goniometric control as described in detail above. Virtual reconstruction of local femur geometry and the osteotomy site was accomplished through sampling of the bone surface between both K-wires and the line of osteotomy with an EMT pointer device (FlexPointer E01 2002, fiagon GmbH, Berlin, Germany) delivering the required context to calculate total derotation effect in the transversal plane. The bone shaft axis (rotational axis) is obtained using numerical optimization. 23 Real time processing, analysis, and documentation of the collected measurement data was carried out using previously developed research software interfacing with the tracking hardware (Also see supplement Figs. 1 and  2) . The results of the EMT Tracking device were invisible to the surgeon. All components used in the study are certified for medical application.
Reference Measurement in Pre-and Post-Operative CT Scans In context with the pre-operative planning of the derotation a standardized rotational CT scan was undertaken. The femoral anteversion was determined using the protocol introduced by Nuss et al. 24 A second measurement after the procedure allowed the calculation of the amount derotation performed in surgery. The results served as a reference for the acquired derotation angle of the EMT system, as we considered the results of the CT scan to be correct within þ/À2˚. The mean doses for the pre-operative CT scan were: dose length product: 189. 29 
RESULTS
Overall 10 derotations in nine patients were used for the evaluation of the EMT system. Mean age at the point of surgery was 23 years (18-34) . Because of the design of the study and the requirements of the ethics committee only adult patients were included. Six patients were female and three male. The control CT scans were performed at an average of 92 days before surgery (0-308 days) and 8.7 days after surgery (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . All patients had an internal rotation gait pattern. Of the nine patients seven had a bilateral spastic cerebral palsy, one had a spastic hemiparesis and one patient had developed the gait pattern after a severe craniocerebral injury. The preoperative GMFCS level was two in four patients and one in five patients.
The mean absolute deviation of the results of the EMT tracking system to the control CT scan was 2.6˚(1.2-5.5˚). In four measurements, the results of the EMT system were 2˚, four showed deviation between 2 and 4˚and two measurements showed a deviance of more than 4˚to the corresponding CT reference (Fig. 2) . Of the four cases with deviation between 2 and 4˚, three were associated with technical difficulties (two contact problems of one of the extensions cords and one contact problem with the sensor). In the two largest outliers (5.6 and 5.3˚) one showed difficulties in acquiring sufficient data points of the bone surface due to soft tissue hindering. In the second case neither technical nor surgical complications occurred. For the purpose of error analysis the derotation angle was measured over the procedure and orientation error, which can serve as a marker for the stability of the system during the operation, calculated (Fig.3) . After the derotation the system recorded a relatively stable angle (After the mark Zþ: derotation performed and fixed with forceps). The graphical illustration of the orientation error showed a pointy course between À2˚and þ4˚with phases of almost no deviation on three time points during the procedure (A1-3) on which no manual manipulation of the operation site occurred. Unsteady curves were associated with movement at the operation site for example, use of the oscillating saw.
DISCUSSION
Rotational osteotomies are a common treatment option in children and adults with internal rotation gait. The results are satisfying both on short-and long-term evaluation, [10] [11] [12] 25 although recurrence is seen in a number of patients. As reported in different studies the age at surgery plays a key role and young patients are more prone develop a recurrence of the deformity. 7, 8, 25 Although a variety of contributing factors have been identified, it remains unpredictable which patient will eventually re-develop internal rotation gait. Dreher et al. and Niklasch et al. found the best results when the indication for FDO is set including static and dynamic factors. 11, 14 These findings were corroborated by Schwartz et al. and illustrate, that increased anteversion itself is not solely responsible for internal rotation gait. 9 In the past the focus for improvement in the outcome of our patients has been in the pre-operative planning and definition of indication and time point for the procedure. 9, 11 Despite the lack of complete knowledge of reasons for recurrence it is still better understood than undesired under-or over-correction. Although both may benefit the patient in some rare cases (e.g., a slight overcorrection could prevent recurrence in a young patient undergoing FDO) they may also have severe consequences (e.g., a persisting over-correction into retroversion as a pre-arthritic condition).
While dynamic factors certainly contribute greatly to recurrence and the problem of undesired under-and overcorrection, an issue that has not been addressed in the past is the possibility of false assessment of the derotation angle during surgery. Dreher et al. 10 found an over-correction in 44% and 15% of under-correction for the less involved leg in their study from 2007. De Morais Filho et al. 7 published results of FDO in 2012 and stated that internal hip rotation was not corrected in one third of their patients after 22 months.
The intraoperative control of derotation can be achieved by different techniques including visual control through goniometric measurement or using score marks. However, these methods have major drawbacks 26 and have to our knowledge not been sufficiently evaluated regarding their use in surgery. Technically assisted tools have been introduced in the past, but have not found their way into broad clinical application. Computer assisted orthopaedic surgery is commonly used in spine surgery and total knee or hip replacement. The broad majority of these systems use a camera supported optical approach with fluorescent markers. The application of these systems is difficult in restricted operation sites as they need a free line of sight between the cameras and the markers. This is one the reasons why these methods have not found their way into clinical routine especially in child orthopaedics.
The objective of the present study was the clinical evaluation of an electromagnetic tracking system designed to improve accuracy of intraoperative derotation control. In a previous saw bone study we introduced the system and presented results of the system in an in vitro setting. 21 The data of this trial suggested an improvement in the accuracy of derotation measurement with EM-Tracking. In the present study, the mean deviation of the EMT system to the CT reference measurement was 2.6˚and therefore, almost within the tolerance of the CT measurement error. This indicates that EMT tracking can deliver a precise dimension of the derotation performed in surgery. The proximity of the postoperative control CT scan to the operation allowed maximum precision regarding the results of the derotation since the effect of confounding factors such as spasticity can be expected to be low after such a short postoperative period. In four cases deviation to the CT measurement was less than 2å nd therefore within in the measurement error of the CT scan. Four cases showed deviance between 2 and 4˚to the reference CT scan. Three were associated with technical problems (unstable cable connection (n ¼ 2) and unstable sensor signal of one reference sensor (n ¼ 1). In one case we could not elaborate a cause for the difference between CT and EMT result (Deviance in this case: 2.64˚). It is important to note that we had to outliers in this study with 5.6 and 5.3˚of difference between the measurements. In one of these cases the acquisition of the bone surface proved to be difficult because of inferior exposition of the femur due to excessive soft tissue. In the second case neither technical nor surgical problems could be found. Measurement errors in the evalutation of the CT scan are also conceivable, but two independent raters (One orthopaedic surgeon and one Radiologist) yielded very similar results consistently below the threshold of 2˚.
The system may be setup with minimal technical resources. The field generator is placed in a cushion underneath the patient allowing normal bedding. During the surgery, the system needs only a few minutes to be setup and the workflow needs only few alterations. Although the experience with the system under OR conditions is still limited, we generally needed less than 10 min for the registration and start of the measurement in our study. In the present study the EMT system showed excellent clinical applicability with a small technical footprint and easy clinical employment.
Whether the improvement of intraoperative derotation measurement will lead to a substantial improvement of the long-term results of femoral derotation osteotomies in patients with CP needs to be evaluated in the future. It is also important to discuss, that due to the study design only adults were included in the analysis. We are therefore planning to evaluate the use of the EMT system in FDO in children. The study is furthermore limited by the small amount of patients included. To reinforce the results multicenter studies with the EMT system are needed in the future. Despite the easy use and stable results technical improvements are still necessary to allow a broad application.
CONCLUSIONS
The present work indicates that electromagnetic tracking of derotation osteotomies allows a continuous and precise intraoperative control of the deroation and may lead to significant improvements in the outcome for our patients.
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